Light emission from single colloidal CdSe/ ZnS ͑core/shell͒ nanocrystals embedded in electrically driven organic light emitting devices is demonstrated at room temperature. Spectral diffusion and blinking from individual quantum dots were observed both in electro-and photoluminescence. The authors propose a model in which the nanocrystals act as seeds for the formation of current channels that lead to enhanced exciton recombination in the vicinity of the quantum dots. This work demonstrates that individual semiconductor nanocrystals can serve as emissive probes in organic light emitting devices and that they can be used to manipulate device structure and properties at the nanometer scale. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2425043͔
Colloidal semiconductor nanocrystal quantum dots ͑QDs͒, also called "artificial atoms," 1 have found their way into many potential applications due to their narrow emission spectrum and strong optical absorption, including biological labeling, 2 quantum dot light emitting devices ͑LEDs͒, 3 solar cells, 4 and lasers. [5] [6] [7] Photoluminescence ͑PL͒ studies at low laser excitation power have shown that QDs are also potential candidates for nonclassical light sources. [8] [9] [10] Electroluminescence ͑EL͒ from single QDs, which is more appealing for practical applications, has only been demonstrated recently at low temperature [11] [12] [13] using self-assembled QDs grown by molecular beam epitaxy ͑MBE͒. To date, however, there are no reports of EL from single colloidal quantum dots, which can be synthesized by wet chemical methods enabling processing and integration versatility. In contrast to molecular-beam-epitaxy grown QDs, the size and concentration of colloidal QDs in a device can be controlled independently over a wide range, and mixtures of QDs with different emission wavelengths can be incorporated into a single layer. Furthermore, the organic ligands surrounding colloidal nanocrystals facilitate QD integration into organic LED structures. In previous attempts with layered organic LEDs, EL from single QDs was masked by exciplex emission from the organic films. 14 In the present study, we report spectrally resolved EL emission from single colloidal QDs embedded in layered organic LED structures at room temperature.
Our devices are conceptually similar to the ones reported by Coe et al. 3 The device substrates were prepared by rf sputtering 80 nm thick indium tin oxide ͑ITO͒ strips onto ϳ0.13 mm cover glasses through a shadow mask. Then a polyethylenedioxythiophene ͑PEDOT͒ solution ͑Baytron CH8000͒ was spun onto the glass/ITO substrates at 3000 rpm and baked for 30 min. The CdSe/ ZnS ͑core/shell͒ nanocrystals used in the devices were obtained from Quantum Dot Corporation ͑QDC, Catalog No. 1002-1͒, with a PL emission wavelength centered around 655 nm and a quantum yield of 75%. 10 The QDs were precipitated three times with butanol and methanol, and then redispersed in anhydrous chloroform, to which N , NЈ-diphenyl-N , NЈ-bis͑3-methylphenyl͒-͑1,1Ј-biphenyl͒-4,4Ј-diamine ͑TPD͒ was added at a concentration of 10 mg/ ml. The resulting TPD-QD solution was spun onto the device substrates at 3000 rpm in a nitrogen glove box forming an ϳ50 nm thick film. The devices were then transferred into an evaporator, where an ϳ20 nm thick 3-͑4-biphenylyl͒-4-phenyl-5-tert-butylphenyl-1, 2, 4-triazole ͑TAZ͒ layer, an ϳ20 nm thick aluminum tris ͑8-hydroxyquinoline͒ ͑Alq 3 ͒ layer, and an ϳ100 nm thick Ag-Mg and an ϳ20 nm thick Ag layer were evaporated in sequence at a background pressure of 6 ϫ 10 −7 Torr. In the device, TPD acts as a hole conducting layer, TAZ as a hole blocking layer, and Alq 3 as an electron conducting layer with Ag-Mg/ Ag as the top electrode and ITO as the transparent bottom electrode. A schematic of a cross section of the device ͑not to scale͒, is shown in Fig. 1͑a͒ . The substrates were then packaged in a nitrogen glove box with glass coverslips and UV curable epoxy to minimize device exposure to oxygen and humidity, and mounted onto an xyz piezostage. The 514 nm line of an Ar-ion laser with an intensity of ϳ10 W/cm 2 was used as an excitation source. Images were taken through the transparent ITO electrode using a 100ϫ oil immersion objective ͑Nikon͒ and an intensified charge-coupled device camera ͑Pentamax, Princeton Instruments͒. First the objective was focused on the fluorescence signal of the QDs under laser excitation to obtain PL images. The laser was then switched off, and a positive voltage was applied to the ITO bottom electrode while the Ag-Mg/ Ag top electrode was grounded. For voltages above 3 V, we observed EL from the organic films, with EL signals from single QDs becoming most pronounced above 8 V. Typical PL and EL images of the same area are shown in Figs. 1͑b͒ and 1͑c͒ . Many of the bright spots blinked and appeared both in PL and EL, suggesting that many of them a͒ Authors to whom correspondence should be addressed. are individual QDs. 15, 16 Some of the brightest spots only varied slightly in intensity, and these are likely clusters of QDs.
Obtaining EL spectra from single QDs is complicated by their low emission intensity and the overlapping red tail of EL from the organic films. An EL spectrum containing a strong contribution from a single QD is shown in Fig. 2͑a͒ .
The corresponding spectrum of the same QD in PL is shown in Fig. 2͑b͒ . Spectral diffusion and blinking, key features of single quantum dot fluorescence, [15] [16] [17] can be seen in the time resolved spectral traces ͓Fig. 2͑c͔͒. We note that some bright spots can only be observed either under laser excitation or in EL measurements. The EL from the organic films was also strongly enhanced at the positions of the bright spots as compared to the organic EL background of the rest of the device area.
In the following we present a model related to details of the device fabrication process to explain our findings. After the TPD-QD solution is spun onto PEDOT, the QDs phase separate from the TPD film and form a sparse QD layer on top of TPD, as illustrated in Fig. 3͑a͒ . The subsequently evaporated TAZ is chemically incompatible with the organic ligands that coat the surface of each QD, resulting in poor TAZ wetting of the QD sites, 3 and consequent formation of channels through the TAZ film, as illustrated in Fig. 3͑b͒ . The absence of TAZ reduces the device resistance in the channels, facilitating higher current passage at QD sites, due to enhanced injection of holes from the TPD layer directly into the Alq 3 layer. Part of QD EL may be caused by direct charge injection into the QDs, which is the mechanism for EL observed in MBE grown devices. 11 However, in our case, energy transfer from Alq 3 to the QDs is probably the dominant mechanism due to the proximity of Alq 3 molecules to the QDs in channels. We are able to observe both PL and EL from the QDs located in channels. It is possible that some of the QDs are covered entirely by TAZ, as illustrated by Fig.  3͑c͒ and from these QDs we primarily observe PL and only weak EL, due to diminished energy transfer to QDs. A third possibility is that the TAZ film has pinholes even when no QDs are present ͓Fig. 3͑d͔͒. The pinholes appear as bright spots in EL without a QD spectral contribution. Some channels could also contain QDs that are dark in PL and only switch on under bias due to charge rearrangement in their local environment.
The model above is supported by the enhanced EL from the organic films at all of the bright spots. Atomic force microscopy ͑AFM͒ studies on different layers of the device also support our hypothesis of current channels. The TPD-QD films display a smooth TPD surface ͓Fig. 3͑a͔͒ with a rms roughness of 0.3 nm, while the TAZ films on top of the TPD-QD layers are rougher with pinholes. In some scans ͓Fig. 3͑e͔͒, QDs appear to be located inside the pinholes. We also observed pinholes in TAZ films where no QDs were present ͓Fig. 3͑f͔͒.
In summary, we have observed EL from single colloidal QDs at room temperature. We propose a model in which pinholes form at the sites of individual QDs in the TAZ film. The lower device resistance in the pinholes leads to current channels that enhance the EL from QDs. The exact mechanisms of QD-EL and the electrostatics of single QDs in this environment warrant further investigation. Intentionally introducing channels into the TAZ film, e.g., by nanoindentation with an AFM 18 could be an interesting way to control EL at the nanometer scale.
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